The main benefits of dual clutch transmissions (DCTs) are: (i) a higher energy efficiency than automatic transmission systems with torque converters; and (ii) the capability to fill the torque gap during gear shifts to allow seamless longitudinal acceleration profiles. Therefore, DCTs are viable alternatives to automated manual transmissions (AMTs). For vehicles equipped with engines that can generate considerable torque, large clutch-slip energy losses occur during power-on gear shifts and, as a result, DCTs need wet clutches for effective heat dissipation. This requirement substantially reduces DCT efficiency because of the churning and ancillary power dissipations associated with the wet clutch pack. To the knowledge of the authors, this study is the first to analyse the detailed power loss contributions of a DCT with wet clutches, and their relative significance along a set of driving cycles. Based on these results, a novel hybridised AMT (HAMT) with a single dry clutch and an electric motor is proposed for the same vehicle. The HAMT architecture combines the high mechanical efficiency typical of AMTs with a single dry clutch, with the torque-fill capability and operational flexibility allowed by the electric motor. The measured efficiency maps of a case study DCT and HAMT are compared. This is then complemented by the analysis of the respective fuel consumption along the driving cycles, which is simulated with an experimentally validated vehicle model. In its internal combustion engine mode, the HAMT reduces fuel consumption by >9% with respect to the DCT.
Introduction
Energy consumption reduction is an important target for the automotive industry, given the progressive introduction of stringent CO 2 emission regulations [1] . In recent years, significant progress has been made, e.g., through the development of downsized engines [2] , engine start-and-stop functions [3] and electrified or fully electric drivetrain layouts [4] [5] [6] [7] . However, important fuel consumption reductions can also be achieved through the implementation of energy-efficient transmission layouts, which are the focus of this study.
Transmission systems with automated gearshifts have become a customer requirement for driving comfort in premium passenger cars. Conventional automatic transmissions (ATs) have lower efficiency than manual transmissions (MTs), mainly because of the viscous shear losses in the torque converter. According to Kulkarni et al. [8] , AT efficiency can be up to 86%, while MT efficiency can reach 97%.
•
The discussion of the relative significance of the individual power loss contributions of a specific DCT with wet clutches, through the analysis of simulation-based power loss maps and energy losses along driving cycles.
The description of a novel hybridised AMT layout, referred to as HAMT in the remainder, designed with the scope of eliminating the energy efficiency shortcomings of the DCT.
The experimental measurement and comparison of the efficiency maps of the case study DCT and HAMT.
The analysis of the fuel savings along driving cycles, achievable with the HAMT operating in its internal combustion engine (ICE) mode.
The paper is organised as follows: Section 2 outlines the case study vehicle and transmission layouts. Section 3 describes the transmission power loss model, and the experimentally validated vehicle simulation model. Driving cycle simulation results are analysed for the case study DCT, and used to justify the HAMT design. The experimental test procedures for measuring the efficiency characteristics of the DCT and HAMT are explained in Section 4. Finally, Section 5 compares the two transmissions in terms of: (i) experimental efficiency maps; and (ii) fuel consumption along driving cycles simulated by using the measured efficiency maps. 
Case Study Vehicle and Transmissions
The case study vehicle ( Figure 1a ) is a high-performance rear-wheel drive passenger car, with a front longitudinal ICE connected by a driveshaft to the clutches, transmission, constant velocity joints, and half-shafts located on the rear axle. The main vehicle parameters are reported in Table 1 . Figure 1b -e show the case study transmission layouts. In particular, Figure 1b describes the seven-speed DCT by Oerlikon Graziano SpA [14] (see also Figure 1c ), which includes two co-axial wet clutches. Wet clutches-rather than dry clutches-are adopted on the specific DCT because of the high values of maximum transmissible torque, yielding considerable power dissipation during clutch-to-clutch gear shifts. However, wet clutches introduce additional complexity and power losses, which are mainly associated with the dedicated cooling circuit and clutch pack churning.
The DCT consists of: (i) an inner input shaft, which carries the odd gears (first, third, fifth and seventh); (ii) an outer input shaft, which carries the even gears (second, fourth and sixth) and reverse gear; (iii) two secondary shafts connected to the respective primary shaft through the synchroniser of the engaged gear, and to the gearbox output shaft through a fixed gear ratio; (iv) two wet clutches, connecting the ICE and the driveshaft to a transmission input shaft; and (v) an open differential, connected to the gearbox output shaft and the constant velocity joints. In terms of ancillaries, the case study DCT includes two gerotor pumps [15] : (i) a pump connected to the input shaft, which serves the actuation circuits of the synchronisers and clutches. This pump is also responsible for cooling the clutch assembly. This is obtained by means of oil flow rate regulation through an external water-oil heat exchanger; and (ii) a significantly smaller pump connected to the secondary shaft, which lubricates and cools the transmission.
The HAMT (Figure 1d ,e) has six gears (ICE gears in the remainder) that are associated with the ICE, and two gears (EM gears) that are associated with the EM. The reduction of the number of the In terms of ancillaries, the case study DCT includes two gerotor pumps [15] : (i) a pump connected to the input shaft, which serves the actuation circuits of the synchronisers and clutches. This pump is also responsible for cooling the clutch assembly. This is obtained by means of oil flow rate regulation through an external water-oil heat exchanger; and (ii) a significantly smaller pump connected to the secondary shaft, which lubricates and cools the transmission.
The HAMT (Figure 1d ,e) has six gears (ICE gears in the remainder) that are associated with the ICE, and two gears (EM gears) that are associated with the EM. The reduction of the number of the ICE gears in comparison with the DCT was assessed through simulations during the design of the HAMT, to decrease its mass and complexity without affecting its functionality along driving schedules and acceleration tests. The ICE gear ratios were selected through a simulation-based optimisation, which will be the object of further publications. The ICE gear actuation system is characterised by the typical set-up of conventional AMTs, with electro-hydraulically controlled synchronisers and a dry clutch. In fact, the absence of clutch-to-clutch gear shifts in the HAMT allows for a reduction of the clutch slip power losses, and thus the installation of a dry clutch, rather than the wet clutches of the DCT. In the HAMT, the lubrication pump is connected to the input shaft, while the actuation pump is driven by an EM that is powered by the 12V vehicle battery only when needed, in order to reduce fuel consumption.
On the EM side of the HAMT, the first EM gear is obtained with a planetary gear set, a sequence of two gear drops, and a hybrid coupling (HC) implemented through a dog clutch, which connects the transmission output shaft with the third ICE gear. The second EM gear is achieved with a dog clutch that connects the EM to the sequence of two gear drops and the HC. An electro-mechanical EM gear selector (EM-S in Figure 1d ), based on a dog-clutch coupling, is used for the selection of the first EM gear, second EM gear and EM neutral gear (N). Since the synchronisation process for the EM gear shifts can be implemented through the EM torque to control the EM speed in closed-loop during the inertia phase (see a similar controller in De Pinto et al. [16] ), a mechanical synchroniser is not needed.
The HAMT can operate in six modes:
• ICE mode: the ICE provides the traction torque, and the EM is optionally used only for torque-fill during gear shifts. If the electric motor drive has a failure, the HAMT operates like a common AMT.
•
Fully electric mode: the EM provides the entire wheel torque, with the exclusion of the friction brake contribution. This mode is suitable for urban driving and low-speed vehicle operation, e.g., initial launch at low torque demands in the first EM gear.
• Hybrid electric mode: the wheel torque is provided by the ICE and EM working in parallel (parallel hybrid electric layout). Reduced fuel consumption and emissions are achieved with an appropriate power split strategy (not covered by this study) aimed at minimising the average ICE brake specific fuel consumption in traction. At the moment, the EM gear shifts are limited to this mode, with the upshifts being actuated at a vehicle speed of~100 km/h. Future developments will include the implementation of EM gearshift maps, e.g., based on energy efficiency considerations, such as those proposed by the same authors elsewhere [17] .
• Reverse gear mode: the EM applies a negative torque through the first EM gear ratio, for the reverse gear operation of the vehicle.
Cranking from stop and recharge mode: the HC is disengaged and the EM is used either to crank the engine or as an ICE-driven generator to recharge the battery.
Cranking from EM mode: the clutch is used to crank the engine from an initial condition in which the vehicle is in fully electric mode.
The status of each HAMT actuator for the six HAMT modes is reported in Table 2 . Figure 2 includes the HAMT diagrams in ICE mode, fully electric mode, and hybrid electric mode, with the corresponding representations of the power flow in traction conditions.
During the gear shifts on the ICE side of the drivetrain, the EM is used to compensate for the reduction of the torque transmitted by the HAMT clutch. The reduction would normally provoke a wheel torque fluctuation, i.e., a torque gap, during the gear shift, and be perceived by the vehicle occupants as a swift oscillation of the longitudinal vehicle acceleration. The appropriate control of the EM torque can 'fill in' the wheel torque gap. The mathematical description of the HAMT torque-fill function is provided by Gavgani et al. [18, 19] , including gearshift simulations and experiments. De Pinto et al. [16] present torque-fill controllers in electrified drivetrains, including gearshift performance indicators calculated during experimental gearshifts without and with EM torque-fill. 
DCT Power Loss Analysis
Section 3.1 presents the steady-state transmission power loss model of this study. An extract of the resulting DCT power loss maps is analysed in Section 3.2. In Section 3.3, an experimentally validated vehicle model, including the DCT power loss maps of Section 3.2, is employed to simulate driving cycles and deduce the relative significance of the different DCT power loss contributions. This detailed transmission energy loss analysis is used to justify the HAMT design.
Transmission Power Loss Model
Oerlikon Graziano SpA has developed an in-house mathematical model that estimates the transmission power loss contributions in steady-state conditions (see references [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] for the relevant literature on the topic). Based on the transmission design parameters, the model generates the transmission power loss maps as functions of the input torque, input speed, and operating temperatures of the transmission and clutch lubricant. The maps can be adopted for transmission design optimisation and driving cycle simulation. The model is based on: (i) a set of theoretical and empirical formulas, derived from the historical data base of the company, which is essential for a good fit between simulations and experiments; (ii) data from experimental tests internally carried out on transmission components; and (iii) maps provided by the component suppliers.
The model structure reported in Figure 3 can account for the following power loss contributions, depending on the specific transmission configuration:
• Gear meshing power losses, = , + , . The power losses caused by the helical gear meshing, , , and bevel gear meshing, , , are expressed in accordance with the British 
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•
Gear meshing power losses, P g = P g,h + P g,b . The power losses caused by the helical gear meshing, P g,h , and bevel gear meshing, P g,b , are expressed in accordance with the British Standard [20] (for alternative equivalent formulations, see also Hohn et al. [13] and Fernandes et al. [21] ).
Bearing power losses, P b . These losses are caused by load-independent and load-dependent friction torque contributions. This study uses the model of SKF [22] to calculate the friction torque, M b,i , of the i-th bearing (in the remainder the subscript i indicates a generic transmission component):
where M rr,i is the roller friction torque, M sl,i is the sliding friction torque, M seal,i is the bearing seal friction torque, and M ch,i is the churning friction torque. Since the transmission shafts are often statically indeterminate, and the stiffness of the bearings is rarely provided by the manufacturers, a specific multibody software tool was developed by Oerlikon Graziano SpA to estimate the axial bearing load and stiffness, depending on the installation set-up on the transmission shafts (see also Sorniotti et al. [23] ). The tool outputs are used for the calculation of the load-dependent bearing friction losses. Similar tools are available from bearing manufacturers [24] .
• Synchroniser and seal power losses, P s&s = P synchro + P seal . The synchroniser power loss values, P synchro,i , are based on the experimentally measured drag torque characteristics of the specific synchronisers. The power loss of the i-th oil seal, P seal,i , facing the respective rotating part of the transmission [25] , is modelled as:
where T s,i is the seal drag torque, linearly proportional to the corresponding shaft diameter, D s,i . The coefficient s i depends on the seal material [26] .
• Gearbox windage and churning losses, P w&c,g . In accordance with the British Standard [20] , these are modelled as the sum of: (i) the power losses associated with the rotating shafts, P w&c,s ; (ii) the power losses associated with the faces of the gears, P w&c,g f , which are assumed to behave like discs; and (iii) the power losses associated with the teeth of the gears, P w&c,gt . In practice, only the availability of previous experimental results, as is the case in this study, allows for accurate model parameterisation.
Wet clutch churning power losses, P c,wc [27, 28] . During the engaged gear operation of the DCT, either clutch (i.e., the disengaged one) is characterised by a slip condition. This generates a drag torque, which is caused by the shear associated with the oil between the plates. The drag torque increases with the number, radius, lubrication flow rate of the clutch discs, and decreases with disc clearance and lubricant viscosity. Kitabayashi et al. [27] provide a surface tension model that matches well with the experimentally measured drag torque at low slip speeds. In these conditions, the centrifugal force is negligible with respect to the viscous effects, and the drag torque linearly increases with slip speed. For high speeds, the thickness of the oil film is reduced by the centrifugal effect, which decreases the drag torque [29] , thus making it a non-linear function of slip speed. A model formulation for high-speed operation is presented Yuan et al. [30] . In this study, the churning power loss map of the wet clutch assembly is based on the experimental data from the component supplier.
Microslip power losses of the engaged wet clutch, P ms,ewc . Microslip is the angular speed difference, ∆ω ewc , between the plates of the wet clutch of the engaged gear. In a wet clutch system, the engaged clutch microslip is often continuously regulated by the transmission control unit, which dampens the torsional dynamics of the drivetrain, and thus improves vehicle drivability.
In the usual operating conditions of the specific DCT, ∆ω ewc is of 5-20 rpm, and the associated power loss is:
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where T ewc is the engaged clutch torque.
Cooling circuit power losses, P cc . These are calculated as the product of the oil flow rate and the respective pressure drop through the cooling circuit, where the latter is experimentally measured.
Pump power losses, P p . In general, the efficiency of a pump can be expressed as the product of its volumetric and mechanical efficiencies [31] . However, in practice, transmission pumps are often continuously mechanically driven. They produce a significant power loss even when they generate low or even zero hydraulic power. For this reason, rather than using efficiencies, the model directly calculates the pump power losses from experimental maps provided by the respective suppliers.
The previous contributions are summed together to provide the total transmission power loss ( Figure 3 ). For example, for the case study DCT, the total power loss, P tot,DCT , is:
P tot,DCT = P g + P b + P s&s + P w&c,g + P c,wc + P ms,ewc + P cc,wc + P p,wc&act + P p,tc
where P cc,wc , P p,wc&act , and P p,tc are respectively the power losses of: (i) the cooling circuit of the wet clutches, which are reported separately given the focus on the wet clutch contributions; (ii) the pump for the cooling circuit of the wet clutches and for the electro-hydraulic actuation system of clutches and synchronisers; and (iii) the transmission cooling circuit (which is independent from the cooling circuit of the wet clutches) with the respective pump.
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• Cooling circuit power losses, . These are calculated as the product of the oil flow rate and the respective pressure drop through the cooling circuit, where the latter is experimentally measured.
• Pump power losses, . In general, the efficiency of a pump can be expressed as the product of its volumetric and mechanical efficiencies [31] . However, in practice, transmission pumps are often continuously mechanically driven. They produce a significant power loss even when they generate low or even zero hydraulic power. For this reason, rather than using efficiencies, the model directly calculates the pump power losses from experimental maps provided by the respective suppliers.
The previous contributions are summed together to provide the total transmission power loss ( Figure 3 ). For example, for the case study DCT, the total power loss, , , is:
where , , , & , and , are respectively the power losses of: (i) the cooling circuit of the wet clutches, which are reported separately given the focus on the wet clutch contributions; (ii) the pump for the cooling circuit of the wet clutches and for the electro-hydraulic actuation system of clutches and synchronisers; and (iii) the transmission cooling circuit (which is independent from the cooling circuit of the wet clutches) with the respective pump. 
DCT Power Loss Maps
Based on the model of Section 3.1, Figure 4 shows the DCT power losses as functions of engine speed for the first gear (Figure 4a of the total transmission power loss in the first and seventh gear, respectively, while at 3000 rpm they correspond to 28.5% and 20.8% of the total transmission power loss. On top of this, the wet clutches are responsible for the majority of the , & contribution, which corresponds to 18.8% (first gear) and 15.9% (seventh gear) of the total transmission power loss at 100 Nm and 1500 rpm, and 24.6% and 18.0% at 100 Nm and 3000 rpm. 
Based on the model of Section 3.1, Figure 4 shows the DCT power losses as functions of engine speed for the first gear (Figure 4a ,c,e) and the seventh gear (Figure 4b,d,f) , under the assumption of a 20 rpm constant microslip value of the engaged clutch. For the same engine torque and speed, the bearing, churning and windage, synchroniser and seal power loss contributions are larger in the seventh gear, because of the higher angular speed of the transmission output. For a given engaged gear, the gear meshing and microslip power losses significantly increase with the transmitted torque (compare Figure 4a with Figure 4c ,e, and Figure 4b with Figure 4d,f) . The results show the importance of the power loss contributions purely related to the wet clutches, namely P c,wc + P ms,ewc + P cc,wc . For example, at T in = 100 Nm and ω in = 1500 rpm, they amount to 23.6% and 19.9% of the total transmission power loss in the first and seventh gear, respectively, while at 3000 rpm they correspond to 28.5% and 20.8% of the total transmission power loss. On top of this, the wet clutches are responsible for the majority of the P p,wc&act contribution, which corresponds to 18.8% (first gear) and 15.9% (seventh gear) of the total transmission power loss at 100 Nm and 1500 rpm, and 24.6% and 18.0% at 100 Nm and 3000 rpm. The important conclusion is that the elimination of the wet clutch alone could bring a power loss decrease between 30% and 40% in the specific operating points. Nevertheless, as the relative significance of the different sources of transmission power loss is a function of the operating conditions, the actual impact of the wet clutches on the vehicle fuel consumption in typical driving schedules is assessed by including the detailed transmission power loss maps in a vehicle simulation model, which is the topic of Section 3.3.
DCT Power Loss Contributions during Driving Cycles
A Matlab-Simulink backward-facing simulation model [36, 37] was implemented to estimate the vehicle fuel consumption and the DCT power loss contributions along a selection of driving cycles, namely: (i) the New European Driving Cycle (NEDC); (ii) the Federal Test Procedure 75 The important conclusion is that the elimination of the wet clutch alone could bring a power loss decrease between 30% and 40% in the specific operating points. Nevertheless, as the relative significance of the different sources of transmission power loss is a function of the operating conditions, the actual impact of the wet clutches on the vehicle fuel consumption in typical driving schedules is assessed by including the detailed transmission power loss maps in a vehicle simulation model, which is the topic of Section 3.3.
A Matlab-Simulink backward-facing simulation model [36, 37] The model relies on two main assumptions: (i) the reference vehicle speed, V veh , can be continuously achieved; and (ii) the gear shifts occur instantaneously without energy dissipations. Gavgani et al. [18, 19] describe the details of the actual gear shift process for the DCT and HAMT. Assumptions (i) and (ii) do not imply significant errors in the fuel consumption results for the specific high-performance vehicle application. The detailed analysis of the level of approximation of assumption (ii) will be reported in future papers.
V veh , defined in accordance with the selected driving cycle, is used to calculate the required drivetrain torque at the wheel, T d :
The hyperbolic tangent function allows for the simulation of the zero-speed phases of the driving cycle, i.e., no traction torque is needed to keep the vehicle at standstill on a road with zero longitudinal grade. The apparent vehicle mass, m app , takes into account the mass moment of inertia of the main rotating parts of the drivetrain in the selected gear:
By neglecting tyre slip (which is a reasonable approximation in driving cycles, see also the specific power loss studies in Pennycott et al. [38] and De Novellis et al. [39] ) and considering the engaged wet clutch microslip, the angular speed of the ICE is:
The ICE torque, T ICE , is estimated by equating the power at the DCT primary shaft, T ICE (ω ICE − ∆ω ewc ) = T ICE ω w i k,ICE , to the sum of the required drivetrain power, P d = T d ω w = T d V veh /R w (assumption of negligible longitudinal tyre slip), and the relevant DCT power loss, P tot,DCT,w/oms :
P tot,DCT,w/oms = P tot,DCT − P ms,ewc excludes the microslip power losses, since these occur between the ICE and the DCT primary shaft. P tot,DCT,w/oms is stored in a look-up table, and is a function of input torque, speed, and DCT lubricant temperature (θ tr ), which is generated by the model of Section 3.1.
The brake specific fuel consumption of the ICE, b ICE , was experimentally measured during ICE tests carried out by the industrial partners of the project, thus obtaining a map, b ICE (ω ICE , T ICE , θ ICE ), which is a function of engine speed, torque, and temperature, and is partially reported in Figure 5 . The fuel mass flow rate, . m ICE , and volume consumption per unit distance, V ICE,d (t), are computed from b ICE and the engine power demand, P ICE = T ICE ω ICE : The simulator was experimentally validated through driving cycle tests, which were executed on the rolling road facility located at the MIRA proving ground (UK). For example, Figure 6 reports the simulation and experimental data for the instantaneous and cumulated fuel consumption of the case study vehicle with the DCT along the NEDC. The results show a 0.5% difference between the final cumulative fuel consumption values, i.e., 1145 g for the model compared to the 1151 g for the real vehicle, which makes the simulation model suitable for the scope of this study. The operating points of the ICE during the NEDC are reported in Figure 5 . The consideration of the actual transmission performance during the driving schedules, rather than the more conventional analysis based on the efficiency maps, is particularly relevant for the specific high-performance vehicle. In fact, its ICE and transmission tend to work within a very limited torque and speed range, with a distribution of the DCT power loss contributions that can differ quite significantly from its average value for the whole range of possible operation. Despite the NEDC being characterised by an unrealistic speed profile, it was verified that similarly limited ranges of engine speed and torque are achieved for the whole selection of driving schedules of this study. This behaviour does not represent a limitation of the analysis, since the vehicle will be actually driven in such conditions for most of its operation in real traffic. At this level of vehicle performance, the full engine capability tends to be used only when the vehicle is driven on a test track. The underutilisation of the transmission is typical of this vehicle category, and poses a specific challenge in sizing the components and ancillary systems without compromising energy efficiency. Figure 7 reports the DCT energy loss distribution among the transmission components for the four considered driving cycles. The results are expressed as a percentage of the total DCT energy loss:
where indicates a generic DCT power loss contribution among those in Equation (4). Despite the different speed and acceleration profiles of the simulated driving cycles, the DCT energy loss distribution remains nearly similar. The bearing losses represent the most significant contribution, followed by the pump for wet clutch cooling and actuation circuit supply. Major power losses are associated with the wet clutches and their ancillaries, i.e., clutch churning, clutch microslip, clutch cooling, and the clutch pump. The wet clutches alone ( , + , + , contribution) are responsible for 20% (for the WLTP and US06 driving cycles) to 25% (for the FTP-75) of the total DCT From V ICE,d , the CO 2 emissions can be estimated with the appropriate conversion factor (~2.35 kg of CO 2 per litre of consumed petrol, according to the analysis and recommendations of the National Highway Traffic Safety Administration [40] and the Environmental Protection Agency [41] ).
The model also includes the look-up tables with the individual DCT power loss contributions of Equation (4), which make it a novel and important design tool to predict the sensitivity of the fuel consumption along driving cycles with respect to individual transmission design modifications. The temperature profiles of the ICE coolant, transmission lubricant, and clutch lubricant are either directly imposed, e.g., from experimentally measured time histories, or are calculated by the internal thermal model included in the vehicle simulator.
The simulator was experimentally validated through driving cycle tests, which were executed on the rolling road facility located at the MIRA proving ground (UK). For example, Figure 6 reports the simulation and experimental data for the instantaneous and cumulated fuel consumption of the case study vehicle with the DCT along the NEDC. The results show a 0.5% difference between the final cumulative fuel consumption values, i.e., 1145 g for the model compared to the 1151 g for the real vehicle, which makes the simulation model suitable for the scope of this study. The operating points of the ICE during the NEDC are reported in Figure 5 . The consideration of the actual transmission performance during the driving schedules, rather than the more conventional analysis based on the efficiency maps, is particularly relevant for the specific high-performance vehicle. In fact, its ICE and transmission tend to work within a very limited torque and speed range, with a distribution of the DCT power loss contributions that can differ quite significantly from its average value for the whole range of possible operation. Despite the NEDC being characterised by an unrealistic speed profile, it was verified that similarly limited ranges of engine speed and torque are achieved for the whole selection of driving schedules of this study. This behaviour does not represent a limitation of the analysis, since the vehicle will be actually driven in such conditions for most of its operation in real traffic. At this level of vehicle performance, the full engine capability tends to be used only when the vehicle is driven on a test track. The underutilisation of the transmission is typical of this vehicle category, and poses a specific challenge in sizing the components and ancillary systems without compromising energy efficiency. energy loss, while the energy losses caused by , & range from 16% (for the US06) to 23% (for the FTP-75) of the total. For example, in the FTP-75, the sum of all of the clutch-related contributions, including the cooling pump of the clutch, amounts to nearly 48% of the total DCT energy loss. The conclusion of this analysis is that the elimination of the wet clutch-related losses would substantially reduce the overall transmission power loss, even more significantly than according to the discussion in Section 3.2. (10) where P j indicates a generic DCT power loss contribution among those in Equation (4). Despite the different speed and acceleration profiles of the simulated driving cycles, the DCT energy loss distribution remains nearly similar. The bearing losses represent the most significant contribution, followed by the pump for wet clutch cooling and actuation circuit supply. Major power losses are associated with the wet clutches and their ancillaries, i.e., clutch churning, clutch microslip, clutch cooling, and the clutch pump. The wet clutches alone (P c,wc + P ms,ewc + P cc,wc contribution) are responsible for 20% (for the WLTP and US06 driving cycles) to 25% (for the FTP-75) of the total DCT energy loss, while the energy losses caused by P p,wc&act range from 16% (for the US06) to 23% (for the FTP-75) of the total. For example, in the FTP-75, the sum of all of the clutch-related contributions, including the cooling pump of the clutch, amounts to nearly 48% of the total DCT energy loss. The conclusion of this analysis is that the elimination of the wet clutch-related losses would substantially reduce the overall transmission power loss, even more significantly than according to the discussion in Section 3.2.
This justifies the HAMT design, with: (i) the presence of a single dry clutch not requiring any cooling circuit, therefore eliminating the P c,wc + P ms,ewc + P cc,wc contribution; and (ii) the adoption of an electrically-driven pump for the actuation circuit of clutch and synchronisers. The pump is active only when needed to charge the high-pressure accumulator, with a negligible energy loss with respect to the continuously running DCT pump, which has to provide a permanent oil flow rate to cool the wet clutch pack. 
Experimental Transmission Tests

Experimental Set-up
The transmission test rig of the Centre for Automotive Engineering of the University of Surrey was used to measure the DCT and HAMT efficiency maps in steady-state conditions. The experimental set-up (Figure 8) consists of:
•
The test piece, i.e., the DCT or the HAMT, including constant velocity joints, half-shafts, and the Transmission Control Unit (TCU).
The electric motor drives of the rig. The test rig includes a 160 kW/550 Nm electric motor and two 90 kW/1925 Nm electric motors, which are mechanically connected to the transmission input and outputs, respectively, to emulate the ICE and the road load. The input and output torques and speeds are measured by torque sensors and encoders located at each motor interface.
The cooling and heating system for the thermal control of the test piece. The system includes a pump, two resistive water heaters with a total power of 9 kW, a low-power radiator with two fans, a larger deionised water-to-water heat exchanger connected to a 45 kW water chiller, and two on/off valves, one of which controls the water flow rate to the heating devices, and the other one controls the flow rate to the cooling devices. The water chiller and the heat exchanger are used to cool down the water during the tests at particularly low temperature (down to 20 • C). The cooling system pumps deionised water directly into the transmission heat exchanger. The transmission lubricant temperature is controlled through the pump flow rate, while the heaters are regulated by an on/off control strategy.
• A DC power supply for the inverter of the HAMT EM, used during the efficiency tests of the electric part of the HAMT.
• A real-time control system, including a dSPACE MicroAutoBox DS1401 (dSPACE GmbH, Paderborn, Germany) board and a STARS/SPARC system by Horiba (Horiba, Kyoto, Japan).
In the specific tests of this study, the input motor, i.e., either the electric motor of the rig or the HAMT EM, was controlled in torque, and the output motors were controlled in speed.
The transmission lubricant temperature is controlled through the pump flow rate, while the heaters are regulated by an on/off control strategy. • A DC power supply for the inverter of the HAMT EM, used during the efficiency tests of the electric part of the HAMT.
• A real-time control system, including a dSPACE MicroAutoBox DS1401 (dSPACE GmbH, Paderborn, Germany) board and a STARS/SPARC system by Horiba (Horiba, Kyoto, Japan). In the specific tests of this study, the input motor, i.e., either the electric motor of the rig or the HAMT EM, was controlled in torque, and the output motors were controlled in speed. The experimental equipment does not include any extra coupling or joint that could cause additional power losses between the torque sensor and the transmission input shaft. Moreover, the output torque values are measured directly at the wheel hubs. As a consequence, the measurement is not affected by the mechanical layout of the transmission test rig, but includes the power losses of the couplings, such as the constant velocity joints, which are actually installed on the vehicle.
Test Procedure
The test procedure of this study follows the general guidelines of the SAE [42] . The transmissions were tested in conditions similar to those of actual vehicle operation, i.e., with the same inclination angle as on the vehicle, without differential lock, with the half-shafts with the same angles as on the actual vehicle at the nominal payload, and with the activated microslip controller of the wet clutches in the DCT case. The procedure is as follows:
•
The temperature of the transmission lubricant is initially set to the reference value through the heating/cooling system of the test rig and a pre-defined heating routine. Then, the lubricant temperature is kept approximately constant (in a range of ±5 • C with respect to the reference value) for the whole duration of the test.
The appropriate ICE gear or EM gear is selected.
The appropriate clutch (odd or even for the DCT) is engaged.
The output motor speeds are set to their target value, and then kept constant by a feedback controller.
The input motor torque, i.e., either the torque of the electric motor of the test rig emulating the ICE, or the torque of the HAMT EM, is applied in steps up to its maximum value of interest for the specific speed.
• Each measurement condition is kept for 30 s, during which the torque and speed values at the drivetrain input and outputs, or the EM drive input power when relevant, are collected through the dSPACE ControlDesk software (dSPACE GmbH, Paderborn, Germany).
The input torque is gradually removed.
The output speed is progressively decreased to zero.
The experiments were repeated for all gears, a wide range of input speeds, and two lubricant temperatures, i.e., at 30 • C (cold run tests) and 70 • C (hot run tests). Repeatability analyses of the collected data were carried out by back-to-back comparison. The acquired data were post-processed to calculate transmission or electric drivetrain efficiency. In particular, the transmission output power is given by: where the output torques, T out,le f t and T out,right , and angular speeds, ω out,le f t and ω out,right , are measured by the torque flange sensors located at the wheel hubs. In case of DCT testing or HAMT ICE gear testing, the input power, P in (t), is calculated from the torque and speed measured at the torque flange located between the input motor and the transmission clutch:
In case of HAMT testing in fully electric mode, the overall electric drivetrain efficiency is measured, i.e., both the EM drive efficiency and transmission efficiency are included. As a consequence, in this case, the input power is equal to the inverter input power, which depends on the inverter current, I inv (t), and voltage, V inv (t):
The efficiency of the mechanical transmission, η tr , or the efficiency of the HAMT electric drivetrain, η dt , are given by the ratio of the average values of P out (t) and P in (t) during each phase of constant torque and constant speed:
where N is the number of measured points. Figure 9 reports a sample of the experimental DCT efficiency results for the selected temperatures. In general, the efficiency is an increasing function of input torque, and tends towards~90% at high torques. On the other hand, the efficiency decreases with input speed. η tr is higher at 70 • C, because of the reduction of lubricant viscosity with temperature. Also, the first gear is the most efficient transmission ratio for all the experimentally measured points.
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where is the number of measured points. Figure 9 reports a sample of the experimental DCT efficiency results for the selected temperatures. In general, the efficiency is an increasing function of input torque, and tends towards ~90% at high torques. On the other hand, the efficiency decreases with input speed. is higher at 70 °C, because of the reduction of lubricant viscosity with temperature. Also, the first gear is the most efficient transmission ratio for all the experimentally measured points. Figure 10 compares the experimental efficiency maps of the case study DCT and HAMT (in its ICE mode) for the lowest and highest transmission gear ratios, at an input speed of 2000 rpm and 70 °C (note that the DCT has seven gears, while the HAMT has six gears). The shape and trend of the HAMT efficiency map are similar to those of the DCT map. However, the HAMT exhibits consistently higher efficiency values. In general, the efficiency benefit of the HAMT ranges between ~5% and ~9% for input torques >100 Nm. For lower torque values, the difference is even larger. This result is mainly caused by the absence of the wet clutches and clutch pump, where the latter is particularly influential at low input torque. Also, the general mechanical simplicity of the HAMT Figure 10 compares the experimental efficiency maps of the case study DCT and HAMT (in its ICE mode) for the lowest and highest transmission gear ratios, at an input speed of 2000 rpm and 70 • C (note that the DCT has seven gears, while the HAMT has six gears). The shape and trend of the HAMT efficiency map are similar to those of the DCT map. However, the HAMT exhibits consistently higher efficiency values. In general, the efficiency benefit of the HAMT ranges between~5% and~9% for input torques >100 Nm. For lower torque values, the difference is even larger. This result is mainly caused by the absence of the wet clutches and clutch pump, where the latter is particularly influential at low input torque. Also, the general mechanical simplicity of the HAMT design contributes to a higher efficiency because of the lower number of components, such as synchronisers and bearings, with their drag torque. design contributes to a higher efficiency because of the lower number of components, such as synchronisers and bearings, with their drag torque. Extracts of the experimentally measured efficiency maps of the electric drivetrain, considering the power losses from the inverter to the wheels, are shown in Figure 11 , in which = 2000 rpm and = 5000 rpm. At low EM torque values, the efficiency is higher at 2000 rpm, since the mechanical power losses of the drivetrain are increasing functions of speed, and are the prevailing component at low torque. At medium-high motor torque values, the efficiency is higher at 5000 rpm, because of the shape of the efficiency characteristics of the specific electric motor drive, which is the main source of power loss at high torque.
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Driving Cycle Simulation Results
This section assesses the energy consumption reduction achievable through the mechanical power loss decrease associated with the HAMT layout, without considering the further potential benefit of the hybrid mode. To this purpose, the experimental efficiency maps of the case study DCT Extracts of the experimentally measured efficiency maps of the electric drivetrain, considering the power losses from the inverter to the wheels, are shown in Figure 11 , in which ω EM = 2000 rpm and ω EM = 5000 rpm. At low EM torque values, the efficiency is higher at 2000 rpm, since the mechanical power losses of the drivetrain are increasing functions of speed, and are the prevailing component at low torque. At medium-high motor torque values, the efficiency is higher at 5000 rpm, because of the shape of the efficiency characteristics of the specific electric motor drive, which is the main source of power loss at high torque. design contributes to a higher efficiency because of the lower number of components, such as synchronisers and bearings, with their drag torque. Extracts of the experimentally measured efficiency maps of the electric drivetrain, considering the power losses from the inverter to the wheels, are shown in Figure 11 , in which = 2000 rpm and = 5000 rpm. At low EM torque values, the efficiency is higher at 2000 rpm, since the mechanical power losses of the drivetrain are increasing functions of speed, and are the prevailing component at low torque. At medium-high motor torque values, the efficiency is higher at 5000 rpm, because of the shape of the efficiency characteristics of the specific electric motor drive, which is the main source of power loss at high torque. 
This section assesses the energy consumption reduction achievable through the mechanical power loss decrease associated with the HAMT layout, without considering the further potential benefit of the hybrid mode. To this purpose, the experimental efficiency maps of the case study DCT Figure 11 . Sample of the experimentally measured electric drivetrain efficiency of the case study HAMT in fully electric mode (first EM gear), at ω EM = 2000 rpm and ω EM = 5000 rpm.
This section assesses the energy consumption reduction achievable through the mechanical power loss decrease associated with the HAMT layout, without considering the further potential benefit of the hybrid mode. To this purpose, the experimental efficiency maps of the case study DCT and HAMT, discussed in Section 5.1, are introduced into the backward-facing simulation model of Section 3, in order to assess the fuel consumption difference for the same vehicle with the two transmissions solely driven by the ICE along the four driving cycles of this study.
The simulations consider the marginal vehicle mass difference between the HAMT and DCT, i.e.,~70 kg of penalty for the HAMT, according to the parameters in Table 1 (note that the HAMT also implies a mass saving-not indicated in the table-in terms of transmission lubricant). This mainly depends on the size of the energy storage unit, based on the integration of a battery and a supercapacitor, to reach high performance both in terms of energy density and power density. Nevertheless, the additional mass of the energy storage and the EM/inverter associated with the HAMT is partially compensated by mass savings (>40 kg) in the mechanical components of the transmission and ancillaries.
The time histories of the instantaneous fuel consumption, gear number, ICE torque, and transmission power loss along the NEDC are shown in Figure 12 . The test vehicle includes a start-and-stop system in order to reduce the fuel consumption when the vehicle is at standstill. The fuel consumption related to the engine cranking phases within the operation of the start-and-stop system is neglected in the simulations, and does not significantly affect the results, since the number of engine start/stop transitions is the same for the DCT and HAMT along each driving schedule. and HAMT, discussed in Section 5.1, are introduced into the backward-facing simulation model of Section 3, in order to assess the fuel consumption difference for the same vehicle with the two transmissions solely driven by the ICE along the four driving cycles of this study. The simulations consider the marginal vehicle mass difference between the HAMT and DCT, i.e., ~70 kg of penalty for the HAMT, according to the parameters in Table 1 (note that the HAMT also implies a mass saving-not indicated in the table-in terms of transmission lubricant). This mainly depends on the size of the energy storage unit, based on the integration of a battery and a supercapacitor, to reach high performance both in terms of energy density and power density. Nevertheless, the additional mass of the energy storage and the EM/inverter associated with the HAMT is partially compensated by mass savings (>40 kg) in the mechanical components of the transmission and ancillaries.
The time histories of the instantaneous fuel consumption, gear number, ICE torque, and transmission power loss along the NEDC are shown in Figure 12 . The test vehicle includes a start-and-stop system in order to reduce the fuel consumption when the vehicle is at standstill. The fuel consumption related to the engine cranking phases within the operation of the start-and-stop system is neglected in the simulations, and does not significantly affect the results, since the number of engine start/stop transitions is the same for the DCT and HAMT along each driving schedule. Table 3 reports the average fuel consumption per unit distance, the related CO2 emission per unit distance, and the CO2 emission reduction (in percentage) caused by the HAMT, for each driving cycle. The emission reduction ranges from 9.2% to 11.5%. This considerable saving is achieved as the case study transmissions operate in their very low torque range during the driving schedules, when the difference between DCT and HAMT efficiencies is particularly high. The low torque utilisation is Table 3 reports the average fuel consumption per unit distance, the related CO 2 emission per unit distance, and the CO 2 emission reduction (in percentage) caused by the HAMT, for each driving cycle. The emission reduction ranges from 9.2% to 11.5%. This considerable saving is achieved as the case study transmissions operate in their very low torque range during the driving schedules, when the difference between DCT and HAMT efficiencies is particularly high. The low torque utilisation is caused by the high performance characteristics of the specific vehicle (see Table 1 ), with drivetrain components designed for maximum power and input torque levels in excess of 450 kW and 650 Nm, respectively. In low torque conditions, the higher ancillary losses of the DCT are especially penalising. During the analysis of the simulation results, it was verified that the difference in fuel consumption is caused by the reduction (by more than 40%) of the transmission power losses, while the difference in engine efficiency related to the variation of the instantaneous operating points of the ICE has a negligible effect. 
Conclusions
The paper discussed the relative significance of the individual power loss contributions of a seven-speed dual clutch transmission system with wet clutches, specifically designed for high performance vehicle applications. Based on this analysis, a new transmission with a hybridised automated manual layout, i.e., the HAMT, was proposed, with the aim of providing hybrid electric capability and gearshifts with torque-fill, while significantly reducing the power losses in its internal combustion engine mode with respect to the DCT. The efficiencies of the DCT and HAMT were experimentally measured on a transmission test rig, and the resulting maps were used for vehicle simulations along a selection of four driving cycles. The main conclusions are:
•
The DCT driving cycle simulation results show that the energy losses caused by the wet clutch related components can exceed 40% of the total transmission energy dissipations. This share is particularly high because of the low torque operation of the specific drivetrain during the schedules, with respect to its maximum design values.
The described HAMT layout with a single dry clutch avoids most of the clutch power losses because of the absence of clutch churning, clutch microslip, a clutch cooling circuit and a dedicated pump.
The experimental efficiency measurements of the two transmissions on a test rig confirmed the higher efficiency of the HAMT with respect to the DCT. In particular, the efficiency increases between 5% and 9% at medium-high input torque values, depending on the selected gear. Larger efficiency improvements are achieved at low torque demands, which are typical of the selected driving cycles because of the reduction of the power losses associated with the ancillary systems in the HAMT. As expected, transmission efficiency increases with temperature for both transmission layouts.
• The fuel consumption benefit of the HAMT along the selected driving cycles ranges from 9.2% to 11.5% in the ICE mode. Hence, the appropriate energy efficiency-oriented design of the transmission system should become an important point in the drivetrain development process.
Future work will focus on the formal analysis of the individual HAMT power loss contributions, and the assessment and validation of the further fuel consumption reductions associated with the optimal control of the hybrid mode of the HAMT. Friction torque of the seals of the i-th bearing M sl,i Sliding friction torque of the i-th bearing n Index of a measured point N Number of measurement points during a steady-state efficiency measurement phase P b
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